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SUMMARY

Resultsarepresentedofaninvestigationofthefatiguestrength
ofseveralfull-scaleaircraftwingstructures.Thetestspecimenswere
obtainedfromc-46“Commando”t~e airplanesandthetestsdescribedare
thefirstphaseofa lsrgerresearchprogramonthefatiguestrengthof
full-scaleaircraft.Thetestswereconductedbytheresonant-frequency
methodata levelof1 * ().625gorabout22* 14percentofthedesign
ulthuateloadfactor.

The34 fatiguefailureswhichresultedfromthesetestswereof
fourmaintypesandoccurredinthreeprincipallocalitiesonthetest
wings.Theaveragelifetimeforthesetestswasabout200,000cycles.
Theover-allspreadforallfailureswas4.4to1.0and,forsimilar

● failuresrepeatedlyoccurringinthesamelocalities,itwasaslowas
1.2to1.0. Effectivestressconcentrationfactorswerecalculatedfor

. allfailuresandindicateda valueofabout4.0foraninspectioncutout
and2.3 fora rivetedtensionjoint.

Duringthetestsnochangewasnotedineitherthenaturalfrequency
ordmnptigcharacteristicsofthetestspecimenspriortothedevelopment
ofa fatiguecrack.Whena crackdidoccur,itsrateofgrowthwasrather
slowmtilabout5 to9 percentofthetensionmaterialhadfailed,after
whichtherateofcrackgowthincreasedrapidly.

INTRODUCTION

Inrecentyearstheproblemoffatigueinaticraftstructureshas
beenaccentuatedbytrendsinaircraftdesignwhichhavebeendetrimental
tothefatigueresistanceofthestructures.Formanyyearsthefatigue
problemhasbeenunderinvestigationand,forreasonsofeconoqy,the
standardtestingisaccomplishedonrathersmallspecimens.Although
thistypeoftestinghasbeennecessaryinordertoestablishthebasis

* ofpresent-dayfatigueknowledge,itdoesnotreproducethecomplexcon-
ditionswhichexistina full-scaleairplanestructure.Therefore,some

w
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oftheresultsobtainedbytestsonsmall,-carefullypreparedspecimens
would.notbedirectlyapplicabletoa canplicatedaircraftstructure_ ._ .-_._
fabricatedbymas~-.productionmethods.

Inviewofthegenerallackofinform&kionregardingthefatigue
characteristicsofactualairplanestruct~es,twenty-threec-46
“Commando”airplanesweresecuredforthepurposeofcarryingouta
fatigueinvestigationona full-scaleairpl~estructure.Theobjectives
oftheprogramaretoincludethedeterminationofthefollowing:
(1)thespreadinfatiguelifebetweenspectiensconstructedinan
identicalmanner,(2)therelativemagnitudeofstressconcentrations
causedbyvarioustypesofstressraisers,(3) theeffect-offatigue
damageonsuchwingpazvunetersasthenaturalfrequencyandthedamping,
(4)thereductionInstaticstrengthafterfatiguefailure,and(5)the
lossinfatiguelifeassociatedwiththeflighthistorywhichanairplane
hasexperienced.Theprogramagreeduponwas to consistofa numberof
constant-leveltestsateachof.severaldifferentstresslevelsanda
seriesofvariablesmplitudetests,basedongust-frequencydata,to
simulateactualflightloadings. ‘-- —

Thepresentreportsummarizesthefiritphaseoftheprogrsmand
presentstheresultsofconstant-levelfatiguetestsonthreeleftand
threerightouterwingpanelsandfourcenterwingpanels.Themagnitude
ofloadforthesetestswasanincrementalloadfactorof*().625gabout #
a 1 g orlevel-flightmeanload;theseloadfactorscorrespondtoabout
22* 14percentofthedesignultimateloadfactor.Presentedinthis
reportarethedataincludedinreference1,whichcoveredthefirst

●

completewingtested,allthesubsequentdatacollectedatthistest
level,anda summaryofallinformationandconclusionstodateforthe
program.Thisinformationpartiallycoversthefirstthreelisted .—

objectives.Thedataarepresentedintabularformandphotographsof
severalfatiguecracks,spreadinlifetimedata,informationoncrack

.-

growth,experimentalstressconcentrationfactors,andcomparisonwith
sometheoretical.stressconcentrationfactorsareincluded.

SPECIMENANDMETHODOFTEST

c-46 Structure

Thec-46 wingsusedinthesetestshadpreviouslybeensubjectedto
fraq200to800hoursofflight~ezwiceandstorageforseveralyearsin

?.
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anopendepot.
otherpertinent

.

Somegeometriccharacteristicsofthewingsaswell
dataforthec-46sregiveninthefollowingtable:

as

Maximumdesigngrossweight,lb . . . . . . . . . . . . . . . .45,000
Level-flightequivalentairspeed,mph . . . . . . . . . . . . . -240
Wingarea,sqft. . . . . . . . . . . . . . . . . . . . . . . . 1,360
Wingspan,ft . . . . . . . . . . . . . . . ● ● . . . . . . ● , 108
Meanaerodynsmicchord,in. . . . . . . . . . . . . . . . ...164.25
Aspectratio.. . . . . . . . . . . . . . . . . . . . . . . . . 8.58
Meanthickness,percentchord. . . . . . . . . . . . . . . . .
Designultimateloadfactor. . . . . . . . . . . . . . . . . . 4.6;;

Thewingstructurehadanall-metal,riveted,stressed-skintype
ofconstructionandwasmadealmostentirelyof24s-Taluminumalloy.
Thewingconsistedofthreeparts,a centersectionandtwoouterpanels.
Theconstructionusedinthesepanelsisshowninfigure1. A truss-t~e
ribwasusedinthecenter-pmelconstruction,whereasa solid-sheet-type
ribwasusedintheouter-panelconstruction.Theouterpanelswere
fastenedtothecentersectionbymeansofa heavyextrudedattachangle
andhigh-strengthsteelbolts.Thewingskin,ribs,andmostofthe
stiffenersweremsdeof24S-Talcladsheet,andthesparcapswere
24S-Textrusions.

n. InstatictestsconductedbytheU.S.AirForce,thewingwithstood
95percentoftheultimatedesignloadbeforea failureoccurredonthe
compressionsurfaceatspanstation290. Slightchangeswerethenmade

. inrivetspacinginthevicinityofthefailurewhichwereconsidered
adequatetoprovidetherequiredstrength.Thewingwasneverretested
subsequenttothesechanges.Therefore,theregionsofthewingof
interesttothesetestsareassumedcapableofsupporting100percent
ofultimatedesignloadwithunknownmarginsofsafety.

MethodofTest

Themethodoftestingselectedforaccomplishingthesetestswas
theresonant-frequencymethodutilizingconcentratedmassestoreprcduce
theflightstressesata selectedwingstation.Theuseofthismethd
necessitatedtheselectionofa stationonthec-46wingwhichwouldbe
criticalinfatigue.Spanstation214wasselectedforthefollowing
reasons:(1)thewingstructuralanalysisindicatedthebending-moment
marginsofsafetytobe lowestatthisstation,(2)anothertransport
aircraftinwhicha similsrmethodofouter-panelattachmentwasutilized
hadexperiencedfatiguefailuresinthisregionofthewing,and(3)the
structureatthisstationappearedtobeofconventionaldesign.In

b addition,a distributed-loadstatictest,inwhicha brittlestrain-
indicatinglacquerwasused,wasconductedonthewing.Thistestindi-
catedthatthehigheststrainsweretobefoundintheneighborhoodof.
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spanstation214.Numerouspointsofhighlocalstressconcentrationat
thisstationwerealsoindicatedbythistest.Concentratedmasses,for
attachmenttothewing,werethenproportionedandlocatedinsucha way
thatthe1 g bendingmoment,shear,andtorqueatspanstation214for
thelevel-flight,low-angle-of-attackconditionwerereproduced.

PreparationofWingforTest

Inordertopreparetheairplanesforfatiguetesting,severalmodi-
ficationsweremade.Thefuselagewascutoffjustinfrontofandbehind
thewing-fuselageattachmentsandtheenginesandlandinggearwere
removed.Theportionofthefuselagecontainingthewingcentersection
wastheninvertedandmountedbetweentwosteelbackstops.Mountingthis
sectiontothebackstopswasaccomplishedh~-theattaclunentoffabricated
steelanglesandsteelandaluminumdoublerplateswhichdistributedthe
loadaroundthefuselage. -T . —

Theouterpanelswerecutoffata wingstation405inchesfromthe
centerlineoftheairplane;thisreducedthespanto81oinches.The
shearwebsofbothsparswerereinforcedfromstation305tostation405
toaccommodatetheadditionoftheconcentratedmassesatthetip. The
centerofgravityofthesemasseswaslocatedatspanstation414. The
specimenisshownmountedandreadyfortestinginfigure2. a

FatigueMachine 2

Theconstant-levelfatiguemachine,whichalsotiybeseeninfig-
ure2,consistedofa primemover,reductiongearbox,lineshafting,
adjustableeccentric,pushrod,andexciterspring.Theprimemoverwas
a direct-currenttraction-typeelectricmotor,which,withthereduction
gearbox,waslocatednearthecenterofthetestsetup.Themotortorque
wastransmittedfromeachsideofthereductiongearboxbylineshafting
totheadjustableeccentricswhichwerelocatedundertheweight-boxesat
thewingtips.Theadjustableeccentricconvertedthetorque into a v~rti-
calforcewhichwasappliedtotheweightboxthrou~the--pushrodand
spring.Thespringconnect-ionwasnecessaryinordertoallowtheproper
phaserelationshiptobeassumedbetweenthewingdisplacementandthe
forcingfunctionsothatsdvantagecouldbetakenoftheresonantcharac-
teristicsofthewingandthetestcouldbeaccomplishedwitha minimum

-.

powerinyut.Theadjustableeccentric,pushrod,andspringmaybeseen
totheleftinfigure3. —

Instrumentation

Thetestwingswereinstrumentedwitha numberofwireresistance
straingagesatthepointsshowninfigure4. Mostofthesegageswere
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locatedsothatthestressnearthepointswherefatiguefailureshad
originatedonpreviousspecimenscouldbemeasured.Thegageswereori-

. entatedsothatthestrainwasmeasuredina spanwisedirection.The
validityofthisorientationwascheckedinmostlocationsbytheuse
ofa rosettet~e ofstrain-gageconfigurationinordertodeterminethe
directionoftheprincipalstress.Thedismond-shapedsymbolsinfig-
ure4 denotethelocationofgageswhichwereusedcontinuouslytomeas-
uredirectlytheappliedbendingmoments.

Fatigue-crack-detectorwireswereusedtoindicatethepresenceof
fatiguefailures.Theyconsistedoffine,insulatedcopperwirecemented
tothestructureinsucha msmnerthatthewirewouldbreakwhena crack
passedunderit. Thesewireswerecapableofdetectinga crackassmall
as0.0002inchinwidth.A breakinthewtreactuatedemindicatorsys-
temonthecontroltable.Thelocationsofthesewiresarealsoshown
infigure4. Theselocationsweredeterminedtithebrittle-lacquertest
previouslyreferredtoandbytheoccurrenceofcracksinprevious
spec~ns.

Inordertoobtaina countoftheloadsappliedduringthetests,
a systemofmechanicallyoperatedmicroswitches,whichmaybe seento
therightinfigure3, wereusedtoactuatea bankofcounters.These
countersindicatedthenuniberoftimestheamplitudeofvibrationofthe

u wingexceededa predeterminedmagnitude.

Thefrequencyofvibrationwasmaintainedbyanelectronicspeed
. controlandwasindicatedbya stroboscopictachometer.Thissensitive

motor-speed-controlandindicatingsystemwasnecessarybecausethewings
werevibratedexactlyattheirresonantfrequency,andevenverysmall
variationsinthefrequencyoftheforcingfunctionwouldcausetheempli-
tudeofvibrationtodropexcessivelybecaqseofthelowdampingofthe
structure.

TESTSANDPROCEDURE

Thetestswerecarriedoutbyvibratingthe”wingsata constent
amplitudeattheirresonantfrequen~of108cyclesperminutewiththe
fatiguemachinepreviouslymentioned.Theemplitudeofvibrationforthe
specimenscoveredinthispaperwastO.625gaboutthe1 g meangivenby
theconcentratedmassesattachedtothewing.Thisloadwasselected
forthesefirsttestsinordertoinsurea reasonabletestingtime.A
comparisonofthe1 g designbendingmomentforthiswingandthebending
momentappliedbytheconcentratedmassesisshowninfigure5. llhis

k figureindicatesthattheappliedbendingmomentwithoutnacelleinertia
effectsreproducedrathercloselythedesign%endingmomentnotonlyat
station~k butovera considerableportionofthespanfromaboutM
station300inboard.Asa resultofthisclosesimulationandbecause
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oftheuniformityofdesign,failurescouldbeexpectedtooccursmywhere
overthiswholeregion.Withtheadditionofthenacelleinertiaeffects,
thebendingmomentisreducedslightlyfromstation178inboard.The .
testswerestartedwithoutthenacelleeffects,but,sincefailures
occurredinthecentersection,thisloadwasaddedtoreducethestress
inboardofthatpointandtomadecertainthgtfailurewouldoccurin
theouterpanels.

Continuousvisualinspectionthroughoutthetestssuppkmmtedany
indicationsfrcmthefatigue-crack-detectorwires.Thesevisualinspec-
tionsweremadewhilethewingwasvibratinginemefforttoreduce
stoppingandsterting.toa mintiumandthuaeliminatemanycyclesof
loadatotherthanthedesiredlevel.Atvariousthnesthroughoutthe
tests,theresponseofallstraingageswasrecordedandcheckedforcon-
sistencyofloading.

Thetestingofa spectienwascontinueduntila fatiguefailure
occurredand,ifthefailureoccurredinthecentersection,itwas
usuallyrepairedinordertocontinuetestingtheouterpanels.When
failuresappearedintheouterpanelstheywereallowedtogrowandtheir
rateandmannerofpropagationwasnoted.

RESULTSANDDISCUSSION .

DefinitionofFatigueFailure .

Intestsconductedonsmallspecimens,thenumberofcyclestofail-
ureisusuallytakenatthetfieofcompleteseveringofthetestspeci-
men. Huwever,fortestsconductedonaslargea structureasa complete
aircraftwing,thisdefinitionisnotverypractical,sinceina struc-
tureofthissizea greatmanycyclescanelapsebetweentheinception
ofa fatiguecrackandthefailureofthecompletewing.Duringthis
time,thegrowingcrackandtheimpendingfailureareperfectlyobvious.
Inaddition,anyvisiblecrackdiscoveredinanactualaircraftstructure
is usuallycauseforrepairorreplacement.Therefore,forpurposesof
thisinvestigation,a fatiguefailureisdefinedasa breakinthemate-
rialofthewingthatisapproximately1/4inchlongandasdeepasthe
thicknessofthematerialinwhichitoriginated.A fewofthefailures
whicharereportedinthispaperwerenotdiscovereduntiltheyhad
exceededthislength.However,thenumberof-cyclestocause failure
wascorrectedtothiscommonbasis.l%iscorrectionwasbasedonthe
assumptionofa uniformrateofcrackgruwthandonindicationsofchange
inthenaturalfrequencyofthetestspecimencausedbythegrowing
fatiguecrack.
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LoadHistoryofSpecimens

. Theloadhistoriesforeachofthe34fatiguefailureswhichoccurred
inthesespecimensarelistedina summationformintable1. Forpur-
posesofidentification,thecracksarenumberedinorderoftheiroccur-
rence.Thecolumnslistedunderthesumnationofloadcyclesequaltoor
greaterthanAn thresholdvaluesarethecyclescounteddirectlybythe
bankofcountersusedinthetestsand An istheincrementalloadfac-
tor. Thesecounterscountedthenuuiberofcycleswhichequaledor
exceededthetiassignedamplitudesmdthusgavetheloadhistoriesina
summationform.Thecolumnslistedunderthenumberofloadcycles
appliedina classintervalarethecycleswhichactedonlyatlevels
betweenthethresholdvaluesdeftiingthatclassinterval.Forfailure1,
forinstance,14,456cycles(2g5,089- 280,633)areassumedtoactata
An valueof0.225whichisthemeanof An= 0.15and An= 0.30.
Cyclesappliedinotherclassintervalsarealsoassumedtoactatthe
midpointoftheirintervalwiththeexceptionoftheintervalbetween
An= 0.60and AU= 0.75.Theselosdsexeassumedtoactat An= 0.625
sincethisvaluewasthedesiredloadlevelandeveryeffortwasmadeto
maintainit. Theaveragelifetimeatthisdesiredlevelwasabout
200,000cycles.

Althoughthetestswereintendedtobeoftheconstant-leveltype
. ata load-factorincrementof1 * 0.625,somefewcyclesatotherload

levelswereapplied.Thisfactcanreadilybeseenintable1;these
cycles,ingeneral,wereimposedduringpreliminarysurveysorwhilethe
machinewasbuildinguptoordytigdownfrcmthedesiredlevel.The
averagenumberofthesedeparturesfromtheconstantlevelisshownin
figure6 inwhichtheaveragenumberofcyclesappliedine’achclass
intervalisshowngraphically.

DescriptionofFatigueFailures

Thefatiguefailuxesthatoccurredinthespecimenstestedappeared
tobeconcentratedinthreeprincipallocalities.Onelocalitywasin
thevicinityofthestationdesignatedascritical- spanstation214on
theouterpanel- inwhich15,oralmosthalf,ofthefailurestook
place.Anotherlocalitywasinthevicinityoftheenginenacellewhere
12failuresappeared,andthethirdlocalitywasa regioninthecenter
sectionofthewingnearthecenterlineoftheaircraftwhere7 failures
appesred.

Thefatiguefailuresthatoccurredweredividedintothefollowing
fourmaintypesaccordingtothetypeofstructural-stressraiserin. whichtheyinitiated:

.
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me I Cornerofinspectioncutout
TypeII Rivetedtensionjoint
me III Rivetedshearjoint
TypeIV Discontinuitiesin~ectionorsfipe

Thefirsttypeincludedthe10failureswhichoriginatedatthecorners
ofinspectioncutouts.Thesecondt~e includedthe6 failureswhich
occurredina rivetedtensionjoint-nearthecenterlineoftheaircraft.
Thethirdtypeincludedthe6 failureswhichoccurred-ina rivetedshear
~ointwheretheshearwebofthefrontsparwasrivetedtothetension
flangeofthatspar.Thefourthtypeinclud@12failureswhichorigi-
natedatabruptchangesordiscontinuities_Lnsectionorshape,suchas
theedgeofa reinforcingdoublerplate.Thepointsofinitiationfor
thesefourtypesoffailureareshowninfigure7 whichisa planview
ofthetensionsurfaceofthewing.Forconvenience,failuresthat
occurredonbothwingsareshownona portionofonesemispan.

Thefailuresoftype1,whichoccurredatthecornersofinspection
cutouts,alloriginatedontheouter panels--inthevicinityofspansta-
tion214. The chordwisedistributionofstressthroughthissection,as
measuredwithstraingages,isshowninfigure8. Failure3,whichisa
typicalexsmpleofthistypeoffailure,isshowninfigure9(a)a short
timeafterstartingandagaininfigure9(b)afterithadprogressedto
a lengthofabout17inches.Infigure9(c)thessmecrackisshown
aftercausingfailureof‘thesparatthe30-percent-chordposition.
Anotherfailureof-thistypeisshowninfigure10. Thecrackoriginated
atthecutoutnearesttherearsparatspanstation214andwasrepeated
moreoftenthananyotherfailureofthistype.Itappearedonallthree
leftwingsandonthethirdrightwing.Innocase,however,didthis
crackresultinfinalfailureofthewing.~we failuresoriginatingin
thisidenticallocationwerefailures5,17,and33on theleftwingand
26 ontherightwing.Failuresoccurringatthessmelocationsonthe
leftandrightwingswillbeconsideredasiienticalforpurposesof
furtherdiscussion. --

Thedetailsofconstructioninthevicinityofallthecutoutson
theouterpanelsweresomewhatsimilar.Thecutoutswerealllocated
betweentwospanwisestiffeners,whichwere:@jacenttotheedgesofthe
cutouts,andwerealsoreinforcedbydoublerplatesunderneaththewing
skin.Thesedoublerplateswereaboutl?timesaslong,spanwise,as
thecutoutsandextendedchordwiseunderneaththestiffen=-oneachside.

Althoughthecornersofmostoftheinspectioncutoutshavefairly
—.. .

largeradii,thecornersofsomeofthereinforcingdoublerplatesuder-
neaththecutouts have muchsmallerradii.~is situationcausedthe
initiationofsomefailuresinthedoublerplateswhichinonecasepro-
gressedintothewingskin.Anexampleofthestartofoneofthese
failuresisshowninfigure11.

.

—

b

.

—
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Thesecondtypeoffailureoccurredina rivetedtensionjoint
32inchesfromtheaircraftcenterline.The~ointextendedchordwise

. atthiswingstationfromthefrontspartotheresrspar.Failuresof
thistypeappearedontheleftandrightwingofthefirstthreewing
centersectionsinthesamechordwiselocationandsrelistedasfail-
ures1,2,11,14,22,and23. Thedetailsofthisjointandthemanner
offailureareshowninfigure12. Themeasuredchordwisestressdis-
tributionthroughthissectionisshowninfigure13,frcmwhichitmay
be seenthatthehigheststressoccursatthepointwhereallthefailures
originated.

Thethirdtypeoffailureoccurredina rivetedshearjointatspan
station120wheretheshearwebofthefrontspa wasrivetedtothe
tensionflangeofthatspar.Therewerefourhorizontalrowsofrivets
titheshearwebandthefatiguefailuresoriginatedina rivetinthe
thtidrowawayfromthetensionsurfaceofthewingascanbeseenin
figure14. Thesefailuressrenumbered8,9,20,21,28,and32.
Althoughthisjointisdesignedprimarilyforshear,strain-gagerosette
measurementsnearthepetitoffailureshowedtheprincipalstresstobe
approximatelyparalleltothetensionflangeofthespr. Thiscondition
wouldindicatethatthefailureswereprobablyprimarilyduetotension
stresses.Theshearatthispointinthesparwasprobablysmallsince
thesparendsa shortdistanceoutboardofthispointascanbeseenin

. figure7.

A typicalexampleofthosecrackswhichoccurredattheJunctionof. theenginenacelleandthewingspsrandwhichare~oupedinthefourth
typeisshowninfigure15. Thefailureshownissimilartofailures6,
7,18,19,and30andoriginatedina rivetholeneara half-roundnotch
cutintheedgeoftheskintoeliminateinterferenceofthelanding-gear
retractingstrutwiththewingskinduringoperationofthelandinggem.
Anotherfailureofthefourtht~e whichwasrepeatedoftenoccurredin
a chordwisejoggleinanexternaldoublerplatenearthewingattach
angle.Thesefailuresappearedinthreeleftwingsandonerightand
srenumbered4,10,16,and29. Failureswereexpectedtooccuratthis
pointsincethebrittle-lacquerstatictesthadindicateda highstress
inthisregion.Anexampleofthisfailureisshowninfigure16after
ithadprogressedtoa considerablelength.

.—

Onlyoneofthefailuresthatoccurred(failure24)originatedin
thewingsparflanges,anditwasofthefourthtype.Thisfailure
occurredinthefront-spartensionflange11inchesfromtheaircraft
centerlineandoriginatedata holeintheflangetowhicha non-load-
co.rryingbrackethadbeenbolted.

.
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SpreadinFatigueLife

Theover-allspreadinnumberofcyclestofailureforall34of
thefailuresthatoccurredwas4.4to1.0.Thisspreadiscomparableto
thatobtainedinsmallspecimentests,but,whenthespreadforeachof
thefourtypesoffatiguefailuresisexaminedindividually,a lower
valueisobtainedformosttypes.Itshouldberealized,however,that
thenumberof-failuresineachtypeisrathersmallfor~preaddetermi-
nation.

.

.

Forthe10typeI failures,thatis,thoseoccurringatthecorners
ofinspectioncutouts,thetotalspreadis1.54to1.0;however,for
failures5,17, 26, and33, allofwhichoriginatedatthesamelocation
inthestructure,thespreadisonly1.2to1.0.Forthe6 typeIIfail-
ures,whichwerethosefailuresoccurringintherivetedtensionjoint,
thespreadwas2.17to1.0. Thespreadfor.the6 type111failures,at
therivetedshearjoint,was1.83 to1.0.The12typeIVfailureshada
spreadof4.4to1.0whichaccountsforthelargerover-allrange.This
widerrangeisexplainedinpartbythevarietyofstressraiserswhich
wereincludedin.thisclassification.

Ingeneral,thespreadforsimilarfailuresissome@atsmallerthan
thatexpectedof-testsrunonsimplespecimens.

●

StressConcentrationFactors .

Sincethemeasurementofthetruemaximumstresscausedbya stress
raiserisverydifficult,noattemptwasmqdeduringtheseteststomake
sucha measurement.Instead,onlythenominalstressinthevicinityof
thestressraiserwasmeasuredandanyeffectsfromthestressraiser
werepurposelyexcluded.Theeffectivestressconcentrationfactoror
fatigue-strengthreductionfactorwasthendeducedtioxnthedatabytwo
methods.Inordertoutilizethesetwomethcds,themeasuredmeanand
maximumstressespresentduringa loadingcyclearerequired;thesevalues
arelistedinthefourthandfifthcolumnsoftable2 foreachfailure.
A smallcorrectionwasmadeina fewofthesestressesforthefailures
inboardofspanstation178inwhichthestresswasaffectedsomewhatby
theintroductionofthenacelleinertiaeflfects.

Thecalculationoftheeffectivestressconcentrationfactorfora
constant-leveltestwithzeromeanstresscouldbeaccomplishedbyfirst
determiningameffectivemaxhmmlocalstress,causedbythe’stress
raiser,whichmusthavebeenpresentinorderfora failuretooccurat
thenumberofcyclesnotedinthetest.Thiseffectivestressis found
fromtheS-Ncurvefortheplainmaterialwithoutstressraisersand
isdividedbythemeasuredstresstodeterminethestressconcentration
factor. .

.
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. Thefirstmethodofcalculatinga stress
thesetestsfolloweda methdsimilartothat

u

concentrationfactorfor
outlinedinthepreceding

paragraph.Itwascomplicated,however,bythepresenceofthe1 g mean.
stresscausedbytheconcentratedmassesattachedtothew@ andbythe
frequencydistributionshowninfigure6. k ordertopursuethismethod
ofanalysis,allthefatigue-ge wasassumedtobecausedonlybythe
numberofloadsappliedintheclassintervalfromAu= 0.60 toAn= 0.75
and,furthermore,alltheseloadswereassumedto
valueof0.625,thedesiredlevel.Theeffective
factorK1 wasthendefinedas

“S-NK,=—
L a

Inthisexpression,ISk isthemeasuredstress

have acted at a An
stressconcentration

.,’.

ata loadfactorof
1.625(table2,fifthcolumn)and uS-N isthat.effeCtiVemaximum
stress,mentionedpreviously,thatmusthavebeenpresentinorderfor
a failuretooccuratthenumberofcyclesnotedinthetest(table2,
seventhcolumn).Theeffectivestresswasdetermined,inthiscase,
fromtheS-Ncurvethatcanbedrawnfora meanstressof Qmem (the
measured1 g meanstress)timesK1. Inotherwords,theconcentration
factorwasappliedtoboththemeanandthemaximummeasuredstress
presentina loadingcycle.Thequantities5 w ‘s-l?weret12ere-. foreinterdependent.Inordertodeterminethevalueof K1 foreach
failure,a trial-and-errormethodwasemployedwhereindifferentvalues

. wereassignedto K1 ~til a valueof US-Nwasfoundwhichwasequal
to 0= ttiesK1. Thisconditionisnecessaryinordertosatisfy
thedefiningeq~tionfor K1. TheS-NcurvesusedtodetermineuS-N
werebasedondataforO.OkO-inch-thickunnotched24S-Talcladsheetas
giveninreference20 ‘e ‘lues‘f ‘S-Nad ‘1 ‘bus‘etmtied‘e
listedintheseventhendeighthcolumnsoftable2. Thismethodisthe
equivalentofdividingthemaximumstressduringa loadingcycleforan
unnotchedspecimenbythemaximumnominalstressfora notchedspecimen
atthesameloadratioandlifetime.

Sincethesmplitudeoftheappliedstressgycleswasnotexactlyat
a constantlevelduringthesetests,thefatigue-damagetheorydescribed
inreference3 wasSJ-SOusedtocomputeaneffectivestressconcentration
factorK2. Thistheoryindicatesthatfailurewilloccurwhenthesum-
mationcurveoftheloadingcyclesbecomestangenttotheS-Ncurve.The
determinationoftheeffectivestressconcentrationfactorbythistheory
isillustratedinfigure17foroneofthefatiguefailures.Dataon
unnotchedO.OkO-inch24S-Tal-cladsheetreportedinreference2werealso

● usedtoplottheS-Ncurvesshowninthisfigure.Thesolidlinesin
figure17showtheS-Ncurvesforthepertinentmeanstressvalues.The
dashedlinesrepresenttheswmnationcurvesorthentierofloadsapplied. eqpaltoorgreaterthanthestressescorrespondingtothe & threshold
values.Thelowerdashedlinerepresentsmeasuredstressvalueswhereas
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theupperdashedlinerepresentsthe
untiltheybecometangenttotheS-N

NACATN2920

.
measured.stressvaluesmovedvertically_
curvehavingthepropermeanstress

value.Thisadjustment,ineffect,wasaccomplishedbymultiplyingthe
measuredstressvaluesbya constantK2 which,ina similarmannerto

.

Kl,istheeffectivestressconcentrationfactor.The K2 factorsCSJ.-
culatedbythismethodarelistedintheninthcolumnoftable2 and
differonlyslightlyfromthosefoundbythefirstmethod.

Association-ofthe K valuesfromtabIe2withthefourdifferent
typesoffailuresshowsthat,forthe10tfi”eI failuresoriginatingat
thecornersofinspectioncutouts,theeffectivestressconcentration
factorsvariedfrom3.73to4.6obybothmethodsofcalculation.The
meanvalueforthistypeoffailureswas4.14.Theeffectivestress
concentrationfactorsforthe6 typeIIfailuresoccurringintheriveted
jointatspanstation32vmiedonlyfrom2.17to2.55.Themeanvalue
forthistypeoffailurewas2.30.Thesefactorswerebasedonthenet
areastressinthejoint.Concentrationfactorscalculatedforthethird
typeoffailure,therivetedshearjoint,variedfrom2.92to3.67and
werebasedonthenormalstress.Forthefourthtypeoffailurethe
factorscalculatedvariedfrom2.6to5.2. Thehighestfactorcalculated
wasfora failureina jogglediscontinuityinanexternaldoublerplate.
Thelargerspreadinconcentrationfactorscalculatedforthefourthtype
offailureisduetothevarietyofstructuralstressraisersincludedin
thatclassification. ... .

Theonlytypeoffailureencounteredwhichlendsitselftoa theo-
reticaltreatment-isthetypeI failureoccurringattheinspectioncut-

.-.
out. Inreference4 a theoreticalconcentrationfactorhasbeenderived
fora “sqpare”cutoutwitha cornerradiusproportionaltoitswidth.By
utilizingthisfactorandmakinga correctionfortheactualcornerradius
ofthecutoutsinquestion,theoreticalstressconcentrationfactorswere
calculatedforallsixofthecutoutswhere-fatiguefailureshadoccurred.
Thesetheoreticalfactorsvariedfrom3.0to4.8 forthevariouscutouts
comparedtotheexpertientalfactorsof3.7 to4.6. Inalmostallcases
thetheoreticalfactorwaslessthantheexperimentalfactor.

RateofCrackGrowth

Severalofthefatiguecracksinthewingouterpanelswereallowed
togrowuntila considerableamountofthetensionsurfacehadfailed.
Therate atwhichthecracksgrewisshowninfigure18, inwhichthe
percentofcross-sectionalmaterialfailedinthetensionsurfaceatthe
wingstationwherethefailureoccurredis plottedasa f~ction’ofthe
numiberofcyclesofloadapplied.Thecrack-growthcurvesoffigure18
indicatethatthepropagationofthecrackswasrelativelyslowuntil ●

about5 to 9 percentofthetensionmaterialhadfailed.Atthispoint
theslopesofthecurvesabruptlybecomeverysteepandtherebyindicate
a rapidpropagationofthecrackthereafter.Theabruptdiscontinuityin ‘

.
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oneofthecurves(failure31) was causedbythesuddenfailureofa
largestiffener.Inspiteofthis,thecurveexhibitsthesanerapid
increaseinrateofcrackgrowthbetween5 and9percentfailureofthe
tensionmaterial.Itmustberecognized,however,thatthisslowinitial
rateofcrackgrowthdoesnotprecludethepossibilityofa failuretiiti-
atingundetectedina largestiffenerorsparflangewhichinitselfhas
a largerpercentageoftensionareathanthe5 to9percentvaluemen-
tioned.Itisalsoprobablethatthispercentagemightdependtosome
extentonthestresslevelatthecrack.

EffectofFatigueDamageonNaturallRrequencyandDamping

Thetestsindicatedthatthenaturalfrequencyofthetestwingswas
notaffectedbyfatiguedamageuntilaftera fatiguefailurehadorigi-
nated.Eventhen,thechangeinnaturaltiequencywasverysmalland
amountedtoonlyabout2.0percentwithasmuchas55percentoftheten-
sionmaterialfailedinfatigue.Infigure19theindicatedchangein
naturalfrequencyisplottedasa functionofpercentoftensionmaterial
failedforseveralofthefailures.

Sincethetestswereconductedattheresonantfrequencyofthetest
specimensz_ change~ ~Pti$ characteristicswouldcausea corre-
spondingchangeinthesmplitudeofvibration.Asnosuchchangein.
snplitudewasnotedduringthecourseofthetests,itcanbeconcluded
thatfatiguedamagehaslittleornoeffectonthestructuraldsmping
characteristicsofa full-scaleaircraftwing.

Measurementsofthenaturalfrequencyorstructuraldtipingcharac-
teristicsofanairplanewingwould,therefore,appeartobeofnopracti-
calvalueasanindicationofincipientfatiguefailure.

CONCLUDINGREMARKS

Constant-levelfatiguetestsconductedonseveralfull-scalec-46
“Comndo”airplanewingsata levelof1 ~ 0.625gindicateda lifetime
atthislevelofshout200,000cycles.The34fatiguefailureswhich
resultedfromthesetestswereoffourmaintypesandoccurredinthree
principallocalitiesonthewing.Thespreadinfatiguelifeforthe
structurewascomparabletothespreadforthematerial.Forallfail-
uresthespreadwas4.4to1.0,andfailuresrepeatedlyoccurringatthe
samelocationsexhibitedspreadsassmallas1.2to1.0.Effective
stressconcentrationfactorswerecalculatedforallfailuresandindi-

b cateda valueofabout4.0foraninspectioncutoutand2.3fora riveted
tensionjoint.

.
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Duringthetestsnochmgewasnoted@ eitherthenaturalfrequency -
orstructuraldampingcharacteristicsoft_hetestspecimenspriortothe
developmentofa fatiguecrack.Whena cr_ackdidoccur,itsrateof““
growthwasratherslowuntilabout5 to9~ercentofthetensionmaterial ‘
hadfailed,afterwhichtherateofcrackgrowthincreasedrapidly.‘“ ““‘“

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,January8,1953.

.
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Figure10.-Typicalexampleofconsistentfailure.thatoriginated
cornerof’inspectioncutout.
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Figure11.- Failurethatoriginatedinsharpcornerradiusof’aninternal
reinforcingduublerplate.
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